The effect of N-doping on the microstructure and magnetic properties of thin Fe layers has been employed to construct all Fe-electrode magnetic tunnel junctions that displayed the tunneling magnetoresistance (TMR) effect. Using low nitrogen doses, a reduction in coercivity was achieved due to grain refinement, without a concurrent decrease in the saturation magnetization of the Fe films caused by the formation of crystalline iron nitride phases. It was demonstrated that this N-induced grain refinement can be applied beneficially to control the switching field of the "free" layer in magnetic trilayer structures. In general the ability to control magnetic softness without reducing saturation magnetization will prove important for incorporating high spin-polarized materials into spin valves and TMR devices.
I. INTRODUCTION
In recent years there have been numerous reports on the soft magnetic properties of iron nitride based films, both in single and multiphase form. 1 For many practical applications, such as ultra-high-density data magnetic recording, magnetically soft, high moment pole materials are required. Furthermore, with the development of the giant magnetoresistance (GMR) and tunneling magnetoresistance (TMR) effect in spin valves and magnetic tunnel junctions, respectively, the research interest has been focused on high polarization, magnetically soft materials which can be used as "free" or "soft" magnetic layers in these trilayer structures. The high saturation mangetization of iron makes it suitable for the above applications although its coercivity is not as low as desired owing to its large magnetocrystalline anisotropy constant K 1 = 4.8ϫ 10 5 erg/ cc. The addition of a few percent nitrogen to iron can promote a lower coercivity and magnetostriction without significant reduction of saturation magnetization. [2] [3] [4] [5] In this paper we use the microstructural and magnetic changes observed consequent upon N doping to soften magnetically the free Fe layer in Fe/ Al x O y / Fe magnetic tunnel junctions (MTJs).
II. EXPERIMENT
In order to establish the correct conditions for doping, single films were first grown on Si͑100͒ wafers by magnetron sputtering in a high vacuum thin-film deposition chamber at a base pressure ഛ2 ϫ 10 −8 mbar. Undoped, control iron films were deposited in Ar gas with a partial pressure of 2.5ϫ 10 −3 mbar. The nitrogen doped iron layers were obtained with the addition of a low partial pressure of nitrogen to the sputtering gas (the exact conditions for each sample are listed in Table I ). The deposition time was fixed, while the nitrogen partial pressure was varied in order to control the amount of nitrogen in the films. The magnetic properties were investigated by vibrating sample magnetometry (VSM) at room temperature. Structural characterization was achieved by a combination of transmission electron microscopy (TEM), electron diffraction and x ray reflectivity (XRR) measurements.
Tunnel junctions were prepared on thermally oxidized Si wafers (SiO 2 thickness 100 nm) with the nominal structure: Si͑100͒ /Fe͑300 Å͒ / ͕Al͑40 Å͒ ,O͑t s͖͒ / N-doped Fe͑600 Å͒, where t was the oxidation timed varied as 150, 180, 210, and 240 s. The insulating spacer layers of Al x O y were prepared by first sputtering a thin ͑40 Å͒ Al layer on top of the Fe film and then reacting it with oxygen by direct exposure to an atomic (free radical) oxygen beam from an atom source. The junction area of 10 4 m 2 was defined using in situ changeable contact masks. The oxidized Si wafers prevented current leakage through the substrate. Junction resistance and TMR were measured using a conventional dc four-probe technique.
III. RESULTS AND DISCUSSION
The deposition conditions for a set of six single Fe͑N͒ films are summarized in Table I . Also included in this table I are the film thicknesses, the saturation magnetization M s (obtained at an applied field of 3 kOe), and the phases identified by the TEM observations. The saturation magnetization values for each sample were obtained by calibrating the VSM with a Ni sample of known dimensions. In order to obtain the correct magnetic sample volume, each film thickness was determined by XRR measurements, while the film area was set by cutting square substrates of fixed 5 ϫ 5 mm 2 area. Although all samples from this series were deposited for the same time of 5 min, it was found that the thickness of the N-doped iron films decreased slightly with increasing nitrogen content in the films (see Table I ). This could be caused by the additional nitrogen gas in the deposition chamber con- Table I ) agrees well with the bulk value ͑1714 emu/ cc͒. It can also be seen from Table I that the saturation magnetization value M s showed an apparent increase with an addition of a small amount of nitrogen to the sputtering gas (1.1% N 2 / Ar gas flow ratio, sample FeN1), reaching a value of 1865 emu/ cc ͑23.4 kG͒. Such an increase has been attributed previously to the formation of the Fe 16 N 2 phase. 6, 7 However, there was no evidence for the existence of this phase in the TEM diffraction patterns of the samples investigated here (Fig. 1) . Explanation of this increase in M s above that for bulk Fe would require further study. Increasing the nitrogen content in the Ar gas resulted in a continuous decrease of the saturation magnetization for samples FeN3, FeN4, and FeN5, consistent with the presence of the FeN phases identified in these films.
The coercivity was found to decrease monotonically for all N-doped samples as the amount of nitrogen in the Fe films increased (see Table I ). The formation of FeN phases in the higher N content (FeN3 -FeN5) films, as determined from their electron diffraction patterns (Table I) , is likely to be responsible for this decreased coercivity since these have been shown previously to be magnetically soft. 1, 8 However, no crystalline phases other than bcc ␣-Fe were identified from the TEM diffraction patterns for the first two N-doped samples FeN1 and FeN2 (see Table I and Fig. 1 ). On the other hand, the bright field micrographs (Fig. 1) revealed a significant reduction in the grain size of samples FeN1 and FeN2 ͑Ͻ100 Å͒ compared to the undoped Fe sample, Fe_ c ͑250-350 Å͒. Therefore the reduced coercivity in the first two N-doped iron films can be associated with this decrease in the grain size. Additionally, sample FeN2 had an anisotropic hysteresis loop, i.e., a weak uniaxial in-plane anisotropy appeared in this sample. Preferential ordering of interstitial nitrogen atoms might be responsible for this weak, induced uniaxial anisotropy as reported previously in FeAl͑N͒ alloy films. 9 A reduction in coercivity has been observed previously in many FeN based alloys and is believed to be a result of the decrease of the grain size correlated with the increase of the nitrogen content in the film.
5,10-13 In nanocrystalline magnetic films with grain sizes ഛ100 Å and ferromagnetic grain boundaries, a low coercivity is often interpreted as the result of averaging the magnetocrystalline anisotropy by the ferromagnetic exchange interaction. 14 We now consider the inclusion of these magnetically soft (grain-refined) Fe layers in MTJs. As is evident from Table I the N-doped Fe film deposited at 1.9% N 2 / Ar gas flow ratio shows the most significant decrease in coercivity without formation of FeN phases and a saturation magnetization value as high as for the pure Fe film. Therefore its spin polarization value is expected to be high and we have chosen this film as the soft (free) magnetic layer in the present junctions.
In our previous work 15 we investigated the magnetization reversal process in trilayer films with the structure: Fe/ AlN/ Fe (soft). Ferromagnetic interlayer coupling was found in these trilayers which was well explained by the Néel coupling mechanism. By varying the soft Fe layer thickness we demonstrated that the ferromagnetic coupling could be suppressed and a good independent reversal of the magnetic layers obtained in a trilayer system consisting of hard/soft Fe layers. We have applied the same reasoning here to obtain a series of Fe/ Al x O y /Fe (soft) tunnel junction structures.
All junction samples investigated showed nonlinear current-voltage ͑I -V͒ behavior at room temperature with a linear region up to about 100 mV and nonlinear one above it. The I-V curves were well fitted by the Simmons' model 16 allowing the estimation of the barrier parameters (i.e., the barrier width and barrier height). For the range of oxidation times used, the values for the barrier width varied between 14 and 18 Å while those for the barrier height varied between 0.6 and 1.2 eV. Although the values obtained for the barrier height are lower than those typically obtained with plasma oxidation of the barrier, [17] [18] [19] they are of the same order as the values reported for the natural and radical oxidation techniques. [20] [21] [22] It has been shown recently 23 that good fits to the measured I-V curves do not preclude the existence of direct conduction via pinholes in the insulating barrier. Tunneling was thus confirmed as the principle transport mechanism by measuring the junction resistance of our samples as they were cooled from 300 to 30 K. All junctions showed a nonmetallic-like temperature dependence (Fig. 2) , i.e., the resistance decreased with increasing temperature. The stronger temperature dependence of the junction resistance for all samples as compared to previous measurements 24 can be ascribed to a spin-independent contribution to the junction resistance caused by the possible formation of a nonstoichiometric aluminum oxide ͑Al x O y ͒ insulating layer. This suggestion is very likely since the deposited Al layer was quite thick and the oxidation process used (atomic free radical oxidation) is a relatively slow and low energy process.
The weakest temperature dependence was found for the junction with the 210 s oxidation time used for the barrier formation, which can be an indication for the optimal oxidation time in this set of samples. Furthermore, TMR measurements performed at room temperature showed the greatest effect for this oxidation time.
The TMR curve for this optimal sample, together with the M-H loop from the simultaneously prepared planar trilayer film with the same structure, are shown in Fig. 3 . Although the junction area itself is much smaller than the planar trilayer sample ͑5 ϫ 5 mm 2 ͒ and the ferromagnetic (FM) electrodes may be thinner due to deposition through the shadow masks (resulting in a stronger Néel-type FM coupling in the junction samples), the planar sample reversal still provides a reasonable illustration of the magnetization reversal process in the junctions. The maxima in the TMR curve [ Fig. 3(a) ] can be seen to correlate well with the plateau regions in the M-H loop [ Fig. 3(b) ] which correspond to the antiparallel alignment of the soft (free) and hard FM layers. The lack of a well-defined plateau region in the TMR curve [ Fig. 3(a) ] can be an indication of ferromagnetic coupling which can lead to a not fully independent switching of the two magnetic layers, and thus a reduction in the measured TMR. However, it can be seen that even when two identical FM electrode materials are used, as in this study, grain refinement by N-doping can be used effectively to soften the free layer without adversely affecting its saturation magnetization, thus providing a mechanism for obtaining separate reversal of the FM layers. N-doping could therefore be important for configuring the coercivity of high spinpolarization materials used in spin valves and MTJs.
In this study, although all junction samples showed TMR, the values obtained are lower than expected; between 0.5% and 2% for the underoxidized and overoxidized junctions and between 2% and 5% for those optimally oxidized. In addition to the stronger FM coupling mentioned above, there are two other possible reasons for the low TMR values obtained. First, the method used for the barrier oxidation is a slow and low energy process leading to junctions with much lower resistance than in the case of plasma oxidation. To get a sizeable junction resistance ͑Ͼ20 ⍀͒ for the given junction area defined by the shadow masks ͑10 4 m 2 ͒, a thick Al layer ͑ϳ40 Å͒ had to be deposited. It is not possible to oxidize completely and uniformly such a thick layer where the oxygen atoms enter the Al mainly through diffusion (the oxygen atoms have a thermal energy on the order of only 1-2 eV). Therefore the actual barrier layer formed is thinner than the initially deposited Al layer and the rest of the Al is either nonstoichiometric Al x O y or pure Al left on the top of the lower Fe layer. In either case this will result in significant reduction of the TMR ratio. The second possibility is that the aluminum oxide formed is not uniform in thickness and only the thinnest regions are properly oxidized and these will be the preferential regions for the tunneling current.
The achievement of low resistance junctions is most desirable with respect to the practical applications of MTJ devices as magnetic random access memory (MRAM) elements or as read heads, where the requirements for the junction-area resistance are less than a few k⍀ m 2 and less than 10 ⍀ m 2 , respectively. 25 The main reason for the low resistance of the present junctions is the use of a large junction area. It is likely that the use of smaller junction areas and thinner, and thus more uniformly oxidized, barriers would result in a significant improvement in the TMR properties of these junctions.
IV. CONCLUSION
It has been shown that N-induced grain refinement that results in a magnetic softening can be used to control the switching field of thin Fe layers incroporated in trilayer structures. It was further demonstrated that the observed microstructural changes caused by the N-doping could be used to control the switching field of the free layer in a magnetic tunnel junction by the fabrication of an all Fe-electrode junction structure that displayed the TMR effect. N-doping could thus prove important for obtaining soft, high spin-polarized materials for applications in magnetoelectronic devices. We further note that N-doping could be used as a method of grain size control in films where microstructure plays an important role in the magnetotransport properties. Examples of these are nanocrystalline magnetic oxide thin films and systems with weak integranular coupling where a reduction in grain size would produce very different changes in magnetic properties to those observed here.
